A Mg photocathode for use in a radio-frequency gun was manufactured by a technique of hot isostatic pressing with diamond polishing and tested under a peak electric field of 57 MV/m. A laser cleaning process for the Mg cathode was developed. The quantum efficiency (QE) of the Mg cathode before and after the laser cleaning was measured under illumination with 262 nm and 349 nm laser light. A high QE of up to 1:0 Â 10 À3 was achieved under the 262 nm laser-light illumination. The QE of the Mg cathode under the 349 nm laser-light illumination was measured to be 2:2 Â 10 À5 . The dependence of the QE on the electric field was measured and compared with a theoretical analysis including the Schottky effect.
Introduction
The use of photocathode radio-frequency (rf) guns as high-brightness short-pulse electron sources has been studied for a wide range of applications, such as free-electron lasers, 1) linear colliders, 2) and laser-Compton scattering. [3] [4] [5] A typical 1.6-cell S-band (2856 MHz) photocathode rf electron gun with a copper (Cu) photocathode was developed for low-emittance picosecond electron generation by a collaboration between the Brookhaven National Laboratory (BNL), the High Energy Accelerator Research Organization (KEK) and Sumitomo Heavy Industries, Ltd. (SHI). [6] [7] [8] A picosecond electron beam with a normalized transverse emittance of <3 mmÁmrad at a bunch charge of 1 nC was obtained with the rf gun. The measured quantum efficiency (QE) of the copper cathode was as high as 1 Â 10 À4 . 8, 9) However, the development of high-QE photocathodes is required for the generation of high-current electron beams, such as multibunch electron generation. Recently, an ultrashort single-bunch electron beam with a high charge was investigated for use in the dynamic studies of ultrafast phenomena by means of pulse radiolysis. 10, 11) Several materials, such as CsI, Cs 2 Te, and GaAs, have been studied for use in high-QE photocathodes. 12) Quantum efficiencies of up to 10% have been measured in both DC and rf gun arrangements. However, they require ultrahigh vacuum (<10 À8 Pa) and elaborate cathode preparation systems. The lifetime of these photocathodes is insufficient when they are operating with a high peak electric field (>100 MV/m) on the surface of the cathode. However, these problems could be overcome by the use of a bulk magnesium (Mg) cathode. The Mg cathode, which was tested under an rf field, exhibits 0.2% QE under ultraviolet (UV) laser light, 13, 14) has a long lifetime and is easy to install in the rf gun. It can also be exposed to ambient air. The work function of Mg is 3.66 eV, which is about 1 eV lower than the Cu work function of 4.65 eV, resulting in a higher quantum efficiency than a Cu cathode for the same drive wavelength of laser light in the rf gun, as in the case of illumination by the 4th harmonic of a Nd:Y 3 Al 5 O 12 (Nd:YAG) laser or a Nd:LiYF 4 (Nd:YLF) laser.
In order to use Mg in practical applications, we manufactured bulk Mg on a Cu plate by a hot isostatic pressing (HIP) technique. The Mg cathode was installed into a 1.6-cell S-band rf gun driven by an all-solid-state picosecond Nd:YLF laser. The quantum efficiency of the Mg photocathode was measured under illumination with the 3rd and 4th harmonics of a Nd:YLF laser. The effect of laser cleaning was investigated.
Experimental Setup

Mg photocathode
The HIP technique was used to manufacture the Mg photocathode. First, a bulk Mg disk with a diameter of 12 mm and a thickness of 9 mm was press-fitted onto the center of a Cu plate. The purity of Mg was 99.9%. In the press-fitting process, a gap is formed between the Mg and the Cu due to the difference in the thermal expansion coefficients of Mg and Cu, resulting in an electrical discharge and rf breakdown under operation with a high electric field. In order to solve this problem, we connected the Mg disk to the Cu through a diffusion process between Mg and Cu at 673 K and 147 MPa in the next step of the HIP treatment. According to the solidification diagram of Cu-Mg alloy, the eutectic point of Cu-Mg alloy occurs at 758 K, and the temperature used in the HIP treatment was set to be below that temperature. After the HIP treatment, the cathode surface near the boundary between the Mg and the Cu was observed using an optical microscope. Figure 1 shows micrographs of the Mg cathode at magnifications of 200 and 500 times. They indicate that a compound layer was generated between the Mg and the Cu, and that the Mg was tightly connected with the Cu. A vacuum leakage rate of <10 10 Pa m 3 /s was obtained in a helium leak test. Finally, the Mg surface was polished using diamondpolishing compounds with three different diamond grain sizes of 9 mm, 6 mm and 1 mm. After the polishing, the cathode surface was cleaned by ultrasonic treatment in a hexane solution. Figure 2 shows a photograph of the finished Mg cathode. The size of the cathode was 150 mm in diameter and 20 mm in thickness. The cathode was installed in the half-cell side of an rf gun (described below).
1.6-Cell s-band RF gun
A schematic diagram of the Mg cathode performance test system is shown in Fig. 3 . A 1.6-cell S-band rf gun, constructed under the BNL/KEK/SHI collaboration, was used in the experiment. The rf gun was composed of two cells: a half-cell and a full cell. The Mg cathode was located on the side containing the half-cell. The length of the halfcell was designed to be 0.6 times the length of the full cell to reduce beam divergence. Coupling between the waveguide and the cavity was located in the full cell. Coupling between the cells was accomplished via the iris of the cavity. A single solenoid magnet was mounted at the exit of the rf gun to compensate the space-charge emittance. The peak rf input power of the rf gun was 4 MW, which was produced with an s-band klystron. The peak on-axis electric field in the rf gun was 57 MV/m. The repetition rate of the operation was 10 Hz in the experiments.
The electron charge emitted from the Mg photocathode was measured using a Faraday cup (FC) charge monitor, which was located downstream of the rf gun. The current signal from the FC was directly integrated via an electron pulse duration on the digital oscilloscope and converted to electron charge. A phosphor screen, which was installed at the exit of the rf gun, was used to monitor the beam profile. The accelerated energy of the electrons at the exit of the rf gun was 3.0 MeV, which was measured using the phosphor screen and a dipole magnet mounted inside the solenoid magnet.
Nd:YLF picosecond laser
The rf gun was driven by an all-solid-state laser diode (LD) pumped Nd:YLF picosecond laser. The laser consisted of a passive mode-locked oscillator, a regenerative amplifier and a frequency converter. The oscillator operated at a frequency of 79.33 MHz, the 36th subharmonic of the 2856 MHz accelerating rf. The oscillator output was phaselocked with a reference 79.33 MHz rf signal by dynamically adjusting the cavity length of the oscillator with a semiconductor saturable absorber mirror (SESAM) and a timing stabilizer. The time jitter between the oscillator output and the reference 79.33 MHz rf signal was measured to within a root-mean-square (rms) value of 0.5 ps using a phase detector technique.
A Pockels cell was used to capture a single oscillator laser pulse to amplify the pulse energy up to about 2 mJ in the regenerative amplifier. The repetition rate of the amplifier was 10 Hz in the experiment. The amplified pulse was frequency-converted, by a pair of frequency-conversion nonlinear crystals, to 349 and 262 nm UV light, with maximum pulse energies of 0.5 and 0.2 mJ, respectively. 
The UV pulse energy was varied by a polarizer and a halfwavelength plate. The pulse duration of the UV laser had a 10 ps full-width at half maximum (FWHM). The UV light was injected onto the cathode surface at an incident angle of 68 along the electron beam direction.
Experimental Results and Discussion
Laser cleaning
Laser cleaning is an important process that is used in the manufacture of Mg cathodes to improve their effective quantum efficiency. Before laser cleaning of the Mg cathode took place, vacuum baking and rf conditioning of the rf gun were carefully carried out to remove the H 2 O absorbed on the surface of the cathode and in the rf cavity. The vacuum pressure was monitored during vacuum baking and rf conditioning was tracked using an ionization gauge at the gun exit. The vacuum pressure after rf conditioning was measured to be 6:0 Â 10 À7 Pa when the rf was off and 3:0 Â 10 À6 Pa when the rf was on. The cleaning laser light utilized the same photocathodedriven 262 nm UV light as the Nd:YLF laser that was used in the experiment. The surface of the Mg cathode was cleaned with the rf off. The laser energy fluence was 0.17 mJ/mm 2 at a 1=e 2 beam diameter of 0.6 mm. The scan area and the number of shots were 3 Â 3 mm 2 and 7000 shots/mm 2 , respectively. During laser cleaning, the base vacuum was varied from 6:0 Â 10 À7 Pa to 8:0 Â 10 À7 Pa. The effect of laser cleaning on the QE was measured and is discussed below.
QE of the Mg cathode
The QE of the cathode is dependent on the work function of the cathode material and the surface conditions. When an electric field is applied to the cathode, the effective work function of the cathode material is reduced by the Schottky effect. The electron current density can be expressed as
where
I is the laser intensity, h is the incident photon energy, a is a material-dependent constant, 0 is the work function at zero field, is the field enhancement factor, E is the applied electric field, e is the electron charge and " 0 is the dielectric constant. Because QE is proportional to J=I, the relationship between QE and the effective work function is given by
This indicates that the QE of the photocathode is dependent not only on the incident laser photon energy, but also on the electric field on the surface of the cathode. By rewriting eq. (2), it can be noted that QE 0:5 versus E 0:5 is a straight line with a slope of b Ã ða Ã Þ 0:5 . The magnitude of the slope is a good indicator of the sensitivity of the cathode to the Schottky effect.
For the measurements of the QE of the Mg cathode, the 4th harmonic of the Nd:YLF laser was used. This yielded incident UV laser light at 262 nm (4.74 eV) with a constant peak electric field of 57 MV/m on the surface of the cathode. The spot size of the laser beam on the surface of the cathode had a 1=e 2 diameter of 3 mm. The laser injection phase of the rf gun was adjusted by using a phase shifter (see Fig. 3 ) to achieve the maximum bunch charge. Figure 4 shows the bunch charge of the electrons emitted from the Mg cathode as a function of the laser pulse energy before and after the laser cleaning process. A high bunch charge was observed after laser cleaning. The data indicates that the bunch charge of the electrons increased linearly when the incident laser pulse energy was <2 nC for the Mg cathode, while a nonlinearity was observed in the charge increase when the laser pulse energy was >2 nC. This is caused by a spacecharge effect close to the cathode surface, i.e., where the beam is not yet relativistic. Fitting the data at <2 nC with eq. (2), the effective QE of the Mg cathode was determined to be 8:5 Â 10 À5 before laser cleaning and 1:0 Â 10 À3 after laser cleaning.
We also tried to measure the QE of the Mg cathode with 349 nm UV laser light. The 349 nm laser has a photon energy of 3.56 eV, which is lower than the Mg work function. However, according to eq. (1), a photoelectron can be extracted from a cathode under a high electric field via the Schottky effect. Figure 5 shows a plot of the bunch charge of the electrons emitted from the Mg cathode for different laser pulse energies before and after the laser cleaning process. A peak electric field of 57 MV/m on the cathode surface was used in the experiment. The effective QE was found to be 1:0 Â 10 À5 before laser cleaning and 2:2 Â 10 À5 after laser cleaning. It is noted that, for an incident laser pulse energy of >80 mJ, a harmonic photoemission process takes place; that is, higher energy electrons are emitted from the Mg cathode by absorbing two incident laser photons. However, there may be benefits in using a wavelength of 349 nm for lowcharge applications: 1) the light conversion efficiency at 349 nm is larger than that at 262 nm.
2) The effect of the electron thermal normalized emittance could be suppressed. In order to study the Schottky effect, we changed the input rf power of the rf gun to obtain different peak electric fields on the cathode surface by varying the output of the klystron. The laser injection phase of the rf gun was adjusted for the maximum bunch charge emission at each electric field. Figure 6 shows the results of the QE measurement as a function of the peak electric field. The 262 nm UV laser light was used as the incident light in the experiment. In the measurement, the bunch charge was kept at <1 nC for each electric field. This was achieved by adjusting the incident laser pulse energy to avoid charge saturation due to the space-charge effect during the QE measurement, as was described above. Good linearity of QE 0:5 with E 0:5 was obtained for the Mg cathode before and after laser cleaning. The effect of laser cleaning on the Mg cathode was observed in the measurement. Table I shows the Mg cathode performance comparing with the BNL's results. 14) The QE measurements were carried under a vacuum pressure of 3 Â 10 À6 Pa which was higher than the operating conditions in the BNL by two orders, resulting in a lower QE in the experiment. However, the technique of HIP with diamond polishing is a practical tool for Mg cathode manufacture. À8 Pa to 9 Â 10 À8 Pa the Schottky effect under the illumination with 262 nm laser light. However, there are some remaining studies, such as the QE and dark current measurements under a high peak electric field of >100 MV/m. An experiment on multibunch electron beam generation is also planned using the Mg photocathode.
Conclusion
